A promising approach to neurotherapeutics involves activating the nuclear-factor-E2-related factor 2 (Nrf2)/antioxidant response element signaling, which regulates expression of antioxidant, anti-inflammatory, and cytoprotective genes. Tecfidera, a putative Nrf2 activator, is an oral formulation of dimethylfumarate (DMF) used to treat multiple sclerosis. We compared the effects of DMF and its bioactive metabolite monomethylfumarate (MMF) on Nrf2 signaling and their ability to block 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced experimental Parkinson's disease (PD). We show that in vitro DMF and MMF activate the Nrf2 pathway via S-alkylation of the Nrf2 inhibitor Keap1 and by causing nuclear exit of the Nrf2 repressor Bach1. Nrf2 activation by DMF but not MMF was associated with depletion of glutathione, decreased cell viability, and inhibition of mitochondrial oxygen consumption and glycolysis rates in a dose-dependent manner, whereas MMF increased these activities in vitro. However, both DMF and MMF upregulated mitochondrial biogenesis in vitro in an Nrf2-dependent manner. Despite the in vitro differences, both DMF and MMF exerted similar neuroprotective effects and blocked MPTP neurotoxicity in wild-type but not in Nrf2 null mice. Our data suggest that DMF and MMF exhibit neuroprotective effects against MPTP neurotoxicity because of their distinct Nrf2-mediated antioxidant, anti-inflammatory, and mitochondrial functional/biogenetic effects, but MMF does so without depleting glutathione and inhibiting mitochondrial and glycolytic functions. Given that oxidative damage, neuroinflammation, and mitochondrial dysfunction are all implicated in PD pathogenesis, our results provide preclinical evidence for the development of MMF rather than DMF as a novel PD therapeutic.
Introduction
Parkinson's disease (PD) is a progressively debilitating neurodegenerative movement disorder characterized by a profound loss of midbrain dopaminergic neurons in the substantia nigra pars compacta (SNpc). Despite intensive research, the current treatment options rely heavily on dopamine (DA) replacement therapies and are inadequate to slow or stop the degenerative process (Savitt et al., 2006) . Although the cause of PD is unknown, data from sporadic and genetic forms of PD support a role for oxidative stress, neuroinflammation, and mitochondrial dysfunction in disease pathogenesis. An emerging target for PD that could modulate multiple etiological pathways involves drug-induced activation of a coordinated antioxidant genetic program to maintain redox equilibrium by means of expression of prosurvival proteins and cytoprotective genes (Calkins et al., 2009) . A key transcription factor orchestrating this process is nuclear factor erythroid 2-related factor 2 (Nrf2), a member of the cap'n'collar family of basic leucine zipper transcription factors. In addition to its role in protection from oxidative stress, Nrf2 triggers expression of growth factors and genes responsible for drug detoxification, immunomodulation, intracellular signaling, and cellular bioenergetics (Calabrese et al., 2010; Dinkova-Kostova et al., 2015) . The breadth of this endogenous response suggests that its activation might counterbalance many of the large number of etiological pathways implicated in PD pathogenesis.
Numerous proof-of-principle studies involving gain and loss of function of Nrf2 in the brain have suggested that its induction can ameliorate neurodegeneration, whereas its deficiency exacerbates neurodegenerative phenotypes . Tecfidera is a Food and Drug Administration-approved oral formulation of dimethylfumarate (DMF) for multiple sclerosis (MS; Fox et al., 2012; Gold et al., 2012) . DMF is highly active in combating oxidative stress and inflammation by activating the Nrf2 genetic program to promote axonal regeneration and neurological recovery in MS and in many preclinical models of neurodegenerative diseases (Ellrichmann et al., 2011; Linker et al., 2011; Iniaghe et al., 2015; Jing et al., 2015; Liu et al., 2015) , making DMF a promising therapeutic drug. Here, we compared Nrf2-dependent neuroprotective mechanisms of DMF and its bioactive metabolite monomethylfumarate (MMF) against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced experimental PD. We show that DMF reacted spontaneously with thiols via a Michael-type addition to form adducts with a resultant reduction in glutathione (GSH), activating the Nrf2 pathway by depleting cellular levels of GSH and reducing cell viability in a dose-dependent manner. Conversely, MMF had a very low reactivity toward GSH and did not affect GSH levels and cell viability. The extent of S-alkylation induced by DMF and MMF was directly proportional to their ability to activate the Nrf2 pathway in vitro, with DMF acting as a stronger Nrf2 activator than MMF and is associated with nuclear exit of the Nrf2 repressor Bach1. Activation of Nrf2 by DMF, but not MMF, was associated with inhibition of the mitochondrial oxygen consumption rate (OCR) and glycolysis in a dose-dependent manner, whereas MMF increased these activities. Moreover, DMF and MMF upregulated genes involved in mitochondrial biogenesis in wild-type but not Nrf2 null mouse embryonic fibroblasts (MEFs). Despite these in vitro differences of their modes of action, oral administration of both DMF and MMF attenuated MPTP neurotoxicity with similar potency in the wild-type but not Nrf2 null mice, which was accompanied by blockade of MPTP-induced oxidative damage and neuroinflammation. Our results suggest that DMF and MMF protect against MPTP neurotoxicity because of their distinct Nrf2-dependent activation of antioxidative, anti-inflammatory, and cytoprotective genes, including those involved in mitochondrial biogenesis, but MMF does so without depleting GSH or inhibiting mitochondrial and glycolytic functions, which can lead to cell death. These results provide preclinical evidence for the development of MMF rather than DMF as a novel PD therapeutic.
Materials and Methods

Animals and chemicals.
Two different strains of mice C57BL/6 and Nrf2 knock-out (KO) mice were used in the present study. C57BL/6 mice (https://www.jax.org/strain/000664; The Jackson Laboratory) and Nrf2-KO mice (Itoh et al., 1997 ; Dr. Masayuki Yamamoto, Tohoku University, Sendai, Japan) used in the present study were on a pure C57BL/6 background (Kaidery et al., 2013) . Age-matched wild-type and Nrf2-KO male mice used in the present study were obtained by crossing Nrf2 heterozygous mice in the institutional animal care facility. Mice were housed in a pathogen-free facility and exposed to a 12 h light/dark cycle with food and water provided ad libitum. Mice were maintained and treated strictly according to National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. The Institutional Animal Care and Use Committees of Augusta University (Augusta, GA) and Weill Cornell Medicine (New York, NY) approved all procedures. All the chemicals used in the study were procured from Sigma-Aldrich unless stated otherwise.
Cell culture studies. Rat N27 dopaminergic cells were maintained in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with glutamine, 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C in a humidified atmosphere of 5% CO 2 . Cells were cultured to 80% confluence in six-well plates, treated with the respective concentrations of DMF and MMF for the times indicated in the figure legends, and harvested for real-time PCR and immunoblotting. For cell viability studies, cells were plated in 96-well plates with 5000 cells per well. After overnight incubation, cells were treated with DMF, MMF, 1-methyl-4-phenyl-pyridinium ion (MPP ϩ ), or MPP ϩ in combination with DMF or MMF and zinc protoporphyrin [ZnPP; inhibitor of hemeoxygenase 1 (Hmox-1)] at the indicated doses and time points, and cytotoxicity was assessed by Presto-Blue cell proliferation assays (Thermo Fisher Scientific) . Human M17 neuroblastoma cells were maintained in OPTI-MEM media containing 0.5% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C in a humidified atmosphere of 5% CO 2 . M17 cells were cultured to 80% confluence in 100 mm dishes and treated with the respective concentrations of DMF and MMF for the time points indicated. The NE-PER Nuclear and Cytosolic extraction kit (Thermo Fisher Scientific) was used to fractionate nuclear and cytosolic fractions according to the instructions of the manufacturer. Wild-type and Nrf2-KO MEFs were maintained in Iscove's modified Dulbecco's medium supplemented with 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin, in a humidified incubator set at 37°C and 5% CO 2 . For real-time PCR and immunoblotting, cells were cultured to 80% confluence in six-well plates and treated with the respective concentrations of DMF and MMF for the times indicated. Human neuroblastoma SH-SY5Y cells stably expressing Neh2-luc and ODD-luc reporters were grown in the DMEM/F-12 sup-plemented with GlutaMAX (Thermo Fisher Scientific) containing 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin.
Luciferase reporter assays. SH-SY5Y cells expressing the Neh2-luc reporter were used to measure Nrf2 activation by DMF and MMF using a previously described method (Kaidery et al., 2013) . In brief, DMF, MMF, and tert-butylhydroquinone (TBHQ) were tested in 96-well format white, flat-bottom plates at different concentrations (0.05-80 M). Neh2-luc reporter cells were plated at a density of 25,000 cells per well using a WellMate multichannel dispenser from Matrix (Thermo Fisher Scientific) and grown overnight on DMEM/F-12 plus GlutaMAX (100 l/well). The drugs (2 l of 50ϫ stock solutions in DMSO prepared in a master plate, right before use) and DMSO in control groups were added, and the plates were incubated for 3 h; the medium was removed, cells were lysed, and luciferase activity was measured on a SpectraMax M5 e Microplate Reader with BrightGlo reagent (Promega). The reporter activation was normalized to the background luminescence. The effect of reducing agents (5 l of 20ϫ stock solution in PBS added to each well, 0.5 mM final concentration) was studied during simultaneous addition with the activator. The experiments were performed in triplicate. To demonstrate selectivity of Nrf2 activation, hypoxia-inducible factor-1 (HIF-1) ODD-luc reporter assay with SH-SY5Y/HIF-1 ODD-luc was performed in the presence of DMF and MMF as described previously (Kaidery et al., 2013) . Ciclopirox and dimethyloxallyl glycine (DMOG) were used as positive controls (Kaidery et al., 2013) .
RNA isolation and real-time RT-PCR. Total RNA from N27 cells, wildtype and Nrf2-KO MEFs, mouse liver, and ventral midbrain was isolated using TRIzol reagent according to the protocol of the manufacturer (Thermo Fisher Scientific). Reverse transcription of ϳ2 g of total RNA was performed using a High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific). The cDNA was diluted, and ϳ20 ng was used to amplify in an ABI prism 7900 HT Real-time PCR system (Applied Biosystems) for various genes using primers (Table 1) and Fast SYBR Green Master Mix (Thermo Fisher Scientific) in a 10 l reaction mixture. Cycling parameters were 95°C for 10 s, followed by 60°C for 1 min. Relative expression was calculated using the ⌬⌬Ct method (Livak and Schmittgen, 2001) . Values are expressed as a fold change from control reaction and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or ␤-actin expression.
Western blot analysis. Total protein extracts from N27 rat dopaminergic cells and M17 human neuroblastoma cells were prepared by homogenization in TNE buffer [10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1ϫ Complete protease inhibitor cocktail (Roche), and 1ϫ phosphatase inhibitor cocktail I and II (Sigma)]. Protein concentrations from total, cytosolic, and nuclear fractions were determined by the BCA method (Thermo Fisher Scientific), and 20 -40 g of protein was resolved by SDS-PAGE, transferred to nitrocellulose, and probed using appropriate primary antibodies anti-Nrf2 (1:2000, Epitomics for M17 cells), anti-Nrf2 (1:2000, C-20; Santa Cruz Biotechnology for N27 cells), anti-NADPH quinone oxidoreductase 1 (NQO1; 1:1000; Abcam), anti-glutathione reductase (GSR; 1:2000; Abcam), anti-glutamate-cysteine catalytic subunit (GCLC; 1:10,000), anti-glutamate-cysteine modifier subunit (GCLM; 1:10,000), anti-Hmox-1 (1:2500; Abcam), anti-Bach1 (1:1000; Santa Cruz Biotechnology), anti-poly(ADP-ribose) polymerase 1 (PARP1; 1:1000; Santa Cruz Biotechnology), anti-aldolase1 (1:2000; Abcam), ␤-actin (1:1000; Abcam), and anti-GAPDH (1:5000; Fitzgerald). Western blotting analysis of the relative levels of the five oxidative phosphorylation (OXPHOS) complexes in total protein extracts from wild-type and Nrf2-KO MEFs against complex I subunit NDUFB8, complex II subunit 30 kDa, complex III subunit core 2, complex IV subunit II, and ATP synthase subunit ␣ were performed with anti-OXPHOS (1:250; Mitosciences) antibody mixture according to the instructions of the manufacturer. Immunoreactive bands were visualized after processing the blots with horseradish peroxidase-conjugated secondary an- tibodies. Signals were detected using the ECL Western blotting detection system (Thermo Fisher Scientific). Densitometry analyses were performed using Quantity One Software (Bio-Rad). DMF and MMF administration in mice for neuroprotective studies against MPTP. Male C57BL/6 mice were treated with an acute MPTPintoxication paradigm to test the neuroprotective effects of DMF and MMF. Twelve-week-old C57BL/6 mice (n ϭ 8 -10 per group) were divided into four different groups: (1) a control group treated with saline alone; (2) a group treated with MPTP alone; (3) a group treated with either DMF or MMF (10, 50, or 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ) alone; and (4) groups treated with DMF or MMF (10, 50, or 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ) in combination with MPTP. Both DMF and MMF were dissolved in 1:4 ethanol/neobee oil (a derivative of coconut oil). MPTP at 10 mg/kg freebase was administered intraperitoneally three times a day 2 h apart. DMF or MMF was administered by oral gavage twice a day 12 h apart at a cumulative dose of 10, 50, and 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 , respectively, 1 d before MPTP and daily for 5 d after MPTP. For investigation of markers of oxidative stress and inflammation, DMF (100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 a day 12 h apart) was administered 2 d before MPTP and 2 d after MPTP. In both the regimens, DMF or MMF was not administered on the day of MPTP administration. Animals belonging to MPTP and control groups received the vehicle (ethanol/neobee oil, 1:4), whereas the drug-alone group received respective doses of DMF or MMF at the same frequency. 3-Nitrotyrosine (3-NT) and cluster of differentiation 68 (CD68) immunoreactivity were performed 48 h after the last dose of MPTP, whereas mRNA levels of proinflammatory markers were studied at 24 h, and the neuroprotective studies were performed on day 7 after the last MPTP dose. For neuroprotective studies in wild-type and Nrf2-KO mice, 12-week-old male Nrf2-KO and age-matched wild-type littermates were treated with 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 DMF or MMF at a frequency similar to that described above. MPTP at 10 mg/kg freebase was administered three times a day 2 h apart, and animals in all experimental groups were killed on day 7 after MPTP administration.
DMF and MMF administration in mice for assessment of Nrf2 target genes. Nrf2 target genes were determined after administration of DMF or MMF at a dose of 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 administered in 100 l of vehicle (ethanol/neobee oil, 1:4) by oral gavage 12 h apart. Control groups of mice received vehicle (ethanol/neobee oil, 1:4) at the same volume and frequency as DMF. Mice were killed, and the ventral midbrain and liver were collected at 6 h after the last dose of DMF and processed for RT-PCR analysis. Selectivity of DMF or MMF to activate the Nrf2/antioxidant response element (ARE) pathway was elucidated in an in vivo paradigm using Nrf2-KO and age-matched wild-type littermate mice by administering DMF at 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 as described above. Measurement of tissue levels of fumarates by HPLC. Concentrations of MMF in the blood, liver, and brain of the mice after oral administration of DMF, MMF, or vehicle (ethanol/neobee oil, 1:4) was measured using a previously described method (Gennari et al., 2011) . Briefly, brain and liver (ϳ200 -400 mg) tissues were homogenized on ice in 0.5 ml of methanol using a Tissue Miser (Thermo Fisher Scientific), whereas blood was mixed in methanol (1:1 v/v). The homogenates were vortexed and then centrifuged at 21,000 ϫ g, at 4°C, for 10 min, and the supernatant was diluted with 500 l of HPLC-grade methanol. Supernatants (threefold the loop volume of 20 l) were loaded on a Waters reverse-phase MS C18 column (250 ϫ 4.6 mm inner diameter) with water-acetonitrile at 60:40 v/v mobile phase. A flow rate of 1.0 ml/min at 20 Ϯ 2°C was maintained. Fumarates were detected using a Waters UV detector set for a wavelength of 216 nm. Analysis was performed using the Waters Breeze software package. Quantitation was made against standard curves generated by adding known concentrations of DMF and MMF.
Measurement of striatal levels of catecholamine and MPP ϩ by HPLC. Striatal levels of DA and its metabolites 3,4,-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) were measured after sonication and centrifugation in chilled 0.1 M perchloric acid (PCA; 100 l/mg tissue) as described previously Kaidery et al., 2013) . Briefly, 15 l of supernatant was isocratically eluted through an 80 ϫ 4.6 mm C18 column (ESA) with a mobile phase containing 0.1 M LiH 2 PO 4 , 0.85 mM 1-octanesulfonic acid, and 10% (v/v) methanol and detected by a two-channel Coulochem II electrochemical detector (ESA). Concentrations of DA, DOPAC, and HVA were expressed as nanograms per milligrams protein. The protein concentrations of tissue homogenates were measured using the BCA assay (Thermo Fisher Scientific). For MPP ϩ measurement, DMF or MMF was administered by oral gavage at 50 mg/kg in two divided doses separated by 12 h at 1 d before MPTP and again once 30 min before MPTP. Animals were killed 90 min after a single intraperitoneal administration of MPTP (20 mg/kg) freebase. Striatal tissues were sonicated and centrifuged in 0.1 M PCA, and an aliquot of the supernatant was injected onto a Brownlee aquapore ϫ03224 cation exchange column (Rainin). Samples were eluted isocratically with 20 mM boric acid-sodium borate buffer, pH 7.75, containing 3 mM tetrabutylammonium hydrogen sulfate, 0.25 mM 1-heptanesulfonic acid, and 10% isopropanol. MPP ϩ levels were detected with a fluorescence detector set for excitation at 295 nm and emission at 375 nm Kaidery et al., 2013) . Concentrations of MPP ϩ were expressed as nanograms per milligrams tissue weight.
Measurement of GSH and oxidized glutathione levels by HPLC. For the intracellular GSH and oxidized glutathione (GSSG) levels, N27 rat dopaminergic cells and MEFs were treated with different doses (1-200 M) of DMF or MMF or DMSO as vehicle. Cells were sonicated in chilled 0.1 M PCA and centrifuged, and 15 l of supernatant was isocratically eluted through a 4.6 ϫ 150 mm C18 column (ESA) with a mobile phase containing 50 mM LiH 2 PO 4 , 1.0 mM 1-octanesulfonic acid, and 1.5% (v/v) methanol and detected by a two-channel Coulochem III electrochemical detector (ESA), set at a guard cell potential of 950 mV in Channel 1 for GSH and of 880 mV in Channel 2 for GSSG detection Kaidery et al., 2013) . Concentrations of GSH and GSSG are expressed as nanomoles per milligram protein.
Measurement of GSH-fumarate adduct formation. Adduct formation during incubation of GSH with fumarates was monitored by liquid chromatography-mass spectrometry (LC-MS; Dibbert et al., 2013) . One hundred microliters of a 10 mM solution of GSH in a PBS buffer, and 100 l of a 10 mM DMF or 10 mM MMF solution in acetonitrile were added to 800 l of PBS, pH 7.4. The reaction mixture was kept at ambient temperature, and the reaction was monitored by MS spectroscopy (a Waters Acquity UPLC/MS system) by taking aliquots at fixed time intervals. Chromatographic separation was achieved on an Acquity UPLC BEH C18 (2.1 ϫ 50 mm, 1.7 m particle size) column with a flow rate of 0.75 ml/min and mobile phases as follows: (A) water with 0.1% v/v formic acid; (B) acetonitrile with 0.1% v/v formic acid, with a mobile-phase gradient from 5 to 95% of B over 2 min. An analytical method using positive ion electrospray ionization was developed to detect GSH (protonated molecular ion in positive ionization mode [MϩH] ϩ 308) and the DMF or MMF adducts, GS-DMF ([MϩH] ϩ 452) or GS-MMF ( [MϩH] ϩ 438). To generate the time course of GSH-fumarate adduct formation, GSH content was normalized to the initial content, whereas the adduct content was normalized to the final adduct content achieved.
Immunohistochemistry and morphometric analysis. Mice were anesthetized with sodium pentobarbital and transcardially perfused with 0.9% saline, followed by 4% paraformaldehyde in 0.1 M PBS, pH 7.4. Brains were dissected, postfixed in 4% paraformaldehyde for 24 h, and cryopreserved in 30% sucrose in PBS for 48 h. Snap-frozen brains were coronally sectioned at 40 m thickness, encompassing the substantia nigra, using a cryostat. Sections were rinsed in PBS and incubated in 3% hydrogen peroxide/10% methanol solution for 10 min to quench endogenous peroxidase activity and permeabilized/blocked in 10% normal goat serum (NGS)/0.1% Triton X-100/PBS for 1 h at room temperature. Sections were incubated overnight at 4°C with the following primary antibodies in PBS containing 2% NGS/0.01% Triton X-100: rabbit polyclonal antityrosine hydroxylase (TH; 1:1000; Novus Biologicals), rat monoclonal anti-CD68 (1:500; Bio-Rad), and rabbit polyclonal anti-3-NT (1:100; Calbiochem). Biotinylated secondary antibodies (Jackson ImmunoResearch) were used appropriately, followed by incubation with streptavidin ABC solution (Vector Laboratories). Immunostaining was visualized by diaminobenzidine chromogen. Sections were mounted on glass slides, dehydrated, and coverslipped with Cytoseal (Thermo Fisher Scientific). Digital images were captured using a Zeiss Axioplan 2 microscope. THimmunostained sections were counterstained with thionin before dehydration and coverslipped with Cytoseal. Nissl (thionin)-stained and TH-positive neuronal counts were estimated within the SNpc using Stereoinvestigator software (MicroBrightField) using a Zeiss Axioplan 2 microscope equipped with a motorized stage as described previously . CD68-positive microglia were quantified on images captured from three coronal sections per mouse encompassing the substantia nigra. Quantitative analysis (cell number per square millimeter) was determined using NIH ImageJ software (Yin et al., 2010) . SNpc 3-NT immunostaining was quantified by expressing the area occupied by the precipitate of 3-NT staining within the defined fields from three coronal sections per mouse (Kaidery et al., 2013) .
Analysis of mitochondrial and glycolytic functions. The change in the mitochondrial bioenergetics and glycolysis after DMF and MMF exposure in wild-type and Nrf2-KO MEFs was assessed using an XF96 Analyzer (Seahorse Biosciences). Preliminary studies were performed to identify the optimum number of cells per well as 2 ϫ 10 4 cells. Cells were exposed to DMSO, DMF (20 -50 M), or MMF (20 -50 M) for 4 and 24 h. The XF96 culture microplates were then incubated in a CO 2 -free incubator at 37°C for 40 min to allow temperature and pH calibration. This was followed by sequential addition of oligomycin (1 M final concentration), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(1 M final concentration), and rotenone ϩ antimycin A (1 M final concentration of each) to measure the OCR. These agents were used as per the instruction of the manufacturer to determine the basal mitochondrial respiration, oxygen consumption of ATP synthesis, reserve respiratory capacity, and maximal respiratory capacity in picomoles per minute of oxygen consumed. The drugs used were from the XF Cell Mito Stress Test kit (catalog #102416-100; Seahorse Biosciences). To estimate changes in cellular glycolytic rates, cells were glucose-starved in XF assay medium in a CO 2 -free XF prep station at 37°C for 45 min and then sequentially injected with glucose (2 mg/ml final concentration), oligomycin (1 M final concentration) and 2-deoxy-D-glucose (100 mM final concentration) to measure the extracellular acidification rate (ECAR); basal, maximal, and spare glycolytic capacity were determined, and the data were represented as mpH per minute.
Mitochondrial DNA copy number analysis. Mitochondrial DNA (mtDNA) copy number was determined using an established method described previously (Dumont et al., 2012) . Briefly, wild-type and Nrf2-KO MEFs were incubated with DMF (20 M) and MMF (20 M) for 24 h, and cells were collected using a cell scraper, followed by washing in serum-free DMEM. The total cellular DNA was extracted with a DNeasy Figure 1 . DMF forms an adduct with GSH and depletes intracellular GSH levels and decreases cell viability in a dose-dependent manner. Time course of the S-alkylation reaction between 1 mM DMF or 1 mM MMF with 1 mM GSH in PBS at pH 7.4 was measured as described in Materials and Methods. Time course for GSH consumption (A) and GS-DMF and GS-MMF adduct formation (B). C, Intracellular GSH, GSSG, and their ratio (GSH/GSSG) were determined at 24 h after DMF and MMF (10, 50, and 200 M) treatment. Bars represent mean Ϯ SEM. *p Ͻ 0.05 compared with controls; # p Ͻ 0.05 compared with DMF at 10 M (n ϭ 4). D, Cell viability in N27 rat dopaminergic cells treated with DMF (1, 10, 50, and 100 M) or MMF (1, 10, 50, and 100 M) for 24 h was assessed using Presto Blue cell viability kits. Bar plot represents the percentage of the control as mean Ϯ SEM of viable cells (n ϭ 3). *p Ͻ 0.05 compared with control (DMSO); # p Ͻ 0.05 compared with the DMF (1 M)-treated group; $ p Ͻ 0.05 compared with the DMF (50 M)-treated group (n ϭ 3).
Blood & Tissue kit (Qiagen) according to the protocol of the manufacturer. The relative mtDNA copy number was determined by qRT-PCR on an ABI PRISM 7900H Sequence Detection System (Applied Biosystems) using the Power SYBR Green PCR Master mix (Thermo Fisher Scientific) and pre-developed primers (IDT) for mitochondrial cytochrome oxidase 1 (Co1) and ␤-actin (nuclear DNA control). Results were calculated from the threshold cycle values and expressed as the ratio of 2-⌬CT of Co1 to ␤-actin. Statistical analysis. Results were expressed as means Ϯ SEM. Significance was determined by one-way or two-way ANOVA, followed by the Student-Newman-Keuls test or a two-tailed unpaired Student's t test. Significance was set at p Յ 0.05. All statistical analyses were performed using Prism software (GraphPad Software).
Results
Nrf2 activation by DMF occurs via an S-alkylating mechanism and is accompanied by dose-dependent depletion of intracellular GSH and a decrease in cell viability
Fumarates, and DMF in particular, as a result of its nature as an ␣,␤-unsaturated carboxylic acid ester, can react spontaneously with thiols via a Michael-type addition (Schmidt et al., 2007) . To illustrate the potency of DMF and MMF as alkylating agents, we ran the in vitro reaction of GSH derivatization by DMF and MMF as monitored by LC-MS. As can be seen in Figure 1 , A and B, 1 mM GSH reacts with 1 mM DMF within the first few minutes of mixing, whereas MMF at similar concentrations is several orders of magnitude less reactive than DMF. Our results are consistent with those of a previously study on the mechanism and kinetics of S-alkylated GSH formation in the course of an in vitro reaction with DMF and MMF under near-physiological conditions (Schmidt et al., 2007) . GSH addition to DMF yields a 1:1 mixture of both diastereomeric 2-(S-glutathionyl)-succinic acid dimethyl esters, whereas MMF under identical reaction conditions leads to a mixture of four products (two diastereomeric pairs; Schmidt et al., 2007) . Thus, DMF and MMF differ in their reactivity toward GSH and their S-alkylation mechanism: MMF reacts at a much lower rate, and the apparent first-order rate constant of GSH alkylation for MMF is 30-fold lower than for DMF, in accord with the published results (Schmidt et al., 2007) . This result has been confirmed in this work by demonstrating a 90-fold higher potency of DMF versus MMF to alkylate GSH in vitro (Fig. 1 A, B) . The best illustration of the alkylating power of DMF, but not MMF, is the depletion of intracellular GSH levels: administration of DMF to N27 rat dopaminergic cells (Fig. 1C) and MEFs (data not presented) depletes GSH in a dose-dependent manner, with almost complete depletion at 200 M, whereas MMF in N27 rat dopaminergic cells (Fig. 1C) and MEFs (data not presented) at any dose within 10 -200 M had no effect on GSH levels (Fig. 1C) . Consistent with GSH depletion, DMF administration in N27 cells (Fig. 1D) and MEFs (data not presented) induced significant cell death from doses of 50 M and above, whereas MMF at these doses did not induce cell death (Fig. 1D) in either of the cell types. Of note, both DMF and MMF have no effect on GSSG, whereas the ratio of reduced/oxidized GSH showed an increase at a low dose of DMF (10 M) with significant decreases at higher doses (50 and 200 M), whereas MMF treatment significantly increa- sed the ratio of reduced/oxidized GSH levels at higher doses (Fig. 1C) .
To compare the Nrf2-activating potential of DMF and its analog MMF, we used a p cmv -driven Neh2-luc reporter. The Neh2-luc reporter results in constitutive, intracellular synthesis of a novel fusion protein composed of the Neh2 domain of Nrf2 and firefly luciferase. The Neh2 domain of Nrf2 protein is known to bind to Keap1 and is sufficient for recognition by the ubiquitinligase complex and subsequent ubiquitinylation and degradation of the fusion protein. Thus, the Neh2-luc reporter is a perfect tool to monitor the direct effect of a compound on the first step controlling Nrf2 stability, that is, Nrf2-Keap1 and/or Keap1-Cul3 interactions (Smirnova et al., 2011) . DMF was compared with TBHQ, a well known Nrf2 activator, and found to be indistinguishable, within experimental error, in activating Nrf2 ( Fig. 2A) . Conversely, MMF was 10-fold less active in the Neh2-luc reporter assay compared with DMF or TBHQ ( Fig. 2A) . One may expect much lower activation of the Neh2-luc reporter in the case of MMF given its 30-fold lower alkylating ability than that of DMF and the lower membrane permeability of MMF because of the one free, unmethylated carboxylic group preserved in its structure. The fact that MMF is only 10-fold less potent in activation of the cell-based reporter indirectly suggests a more specific interaction of MMF with Keap1 thiols versus less specific DMF. The absence of a DMF or MMF effect in the HIF ODD-luc reporter assay in the studied concentration range confirms the specificity of fumarate action on the Neh2-luc reporter (Fig. 2B) .
The mechanism of Neh2-luc reporter activation is based on alkylation of active cysteines in Keap1 (Linker et al., 2011) . Based on DMF and MMF in vitro reactivity toward cysteine in GSH, a 30-fold difference in EC 50 between DMF and MMF would be expected in the Neh2-luc reporter assay. The lower difference in activation parameters between DMF and MMF in the cell-based assay may reflect significant quenching of DMF by intracellular GSH compared with MMF. To illustrate this possibility, we used simultaneous addition of DMF and reducing agents, such as GSH, cysteine, or N-acetyl cysteine (only the latter is cell permeable), to the Neh2-luc reporter cell line: 0.5 mM thiols strongly quenched Neh2-luc reporter activation (Fig. 2C) . At 1-2 mM thiols, the reporter showed no activation with DMF at all (data not presented). These results suggest that the superior reactivity of DMF toward Keap1 thiols (Linker et al., 2011) and its ability to activate Nrf2 in the Neh2-luc reporter in vitro ( Fig. 2A) directly originates from its alkylating nature.
Nrf2 activation by DMF and MMF is associated with Bach1 nuclear export
Several studies have demonstrated Bach1 (BTB and CNC homology) to be a transcriptional repressor of Nrf2 in the regulation of oxidative stress and ARE activation (Igarashi and Sun, 2006) . Bach1 acts as physiological antagonist of Nrf2 and binds to the ARE sequences on the DNA, thus inhibiting transcriptional activation by Nrf2. During Nrf2 activation, Bach1 export from the nucleus is essential to allow binding of Nrf2 to these ARE sequences in the regulatory regions of the AREcontaining genes after nuclear translocation of Nrf2. To further confirm differences between DMF and MMF on Nrf2 activation, we compared export of Bach1 from the nucleus to the cytosol during Nrf2 activation. Because of the lack of good quality rodent-specific commercially available Bach1 antibodies, we used human M17 neuroblastoma cells treated with DMF (10 M) and MMF (10 M) for 2 and 4 h. Immunoblot analysis of Bach1 in the total, nuclear, and cytosolic fractions of DMF-and MMF-treated M17 cells showed increased cytosolic and reduced nuclear Bach1 levels after DMF and MMF treatment (Fig. 3A) . Both DMF and MMF increased cytosolic levels of Bach; however, the amount of Bach1 exported from the nucleus to the cytosol by DMF was greater than with MMF treatment. Similarly, nuclear translocation of Nrf2 protein from the cytosol increased after DMF and MMF, with DMF treatment leading to more nuclear Nrf2 compared with MMF (Fig. 3A) . This is consistent with the ability of DMF to activate the Nrf2 pathway in vitro more robustly than MMF at these doses (Fig. 2) . To determine differences between DMF and MMF on Bach1 nuclear export and downstream events associated with Bach1 nuclear export, we studied the role of an ARE gene in cytoprotection. Hmox1 is one of the ARE-containing genes heavily regulated by Bach1 because the Hmox1 promoter is known to have a large number of ARE sequences to which Nrf2 can bind to induce its expression preferentially (Kensler et al., 2007) . The enzymatic activity of Hmox1 involves catalyzing the degradation of heme to produce carbon monoxide, iron, and biliverdin, which are well known cellular antioxidant and anti-inflammatory agents known to induce neuroprotective effects (Otterbein et al., 2003) . To determine the potential association of Bach1 nuclear export and Hmox1-mediated underlying neuroprotective mechanisms, we studied the neuroprotective effects of DMF and MMF against MPP ϩ toxicity in N27 rat dopaminergic cells with or without the presence of ZnPP, a widely used inhibitor of Hmox1 activity (Liu et al., 2014) . As shown in Figure 3B , MPP ϩ induced significant cell death in N27 cells after 24 h, which was attenuated by pretreatment with either DMF (10 M) or MMF (10 M). However, ZnPP (10 M) added 10 min before MMF and DMF significantly blocked the neuroprotective effect of both DMF and MMF against MPP ϩ toxicity. Neuroprotective effects against MPP ϩ toxicity was observed for DMF (at doses of 1-20 M) and MMF (1-100 M), whereas higher doses of DMF (50 -200 M) induced significant toxicity to N27 cells and MMF at the studied doses had no effect on cell viability (data not presented). ZnPP (10 M) blocked Ͼ80% of Hmox1 activity (data not presented). The ZnPP treatment either alone or in combination with DMF or MMF did not affect cell viability significantly when compared with controls and when compared between MPP ϩ with and without ZnPP (Fig. 3B) . This suggests that a functionally active Hmox1 mediates the neuroprotective effect of DMF and MMF against MPP ϩ toxicity. Differential activation of the Nrf2 pathway by DMF and MMF in N27 rat dopaminergic cells To confirm the Neh2-luc reporter activation and downstream Bach1 export mechanisms by fumarates, we tested the ability of DMF and MMF to activate the Nrf2 pathway in N27 rat dopaminergic cells. Based on the data from the Neh2-luc reporter assay, we chose a 20 M concentration of DMF and MMF to measure Nrf2 target genes in the N27 cells at different time points of 0, 4, 8, 12, and 24 h (Fig. 4) . This dose of DMF and MMF was chosen because it did not affect cellular levels of reduced and oxidized GSH but induced cytoprotective effects in vitro (data not presented). Relative mRNA expression assessment of target genes showed upregulation of Hmox1 and Nqo1 at 4 h by DMF and MMF, although with MMF the activation was not as robust compared with DMF (Fig. 4 A, B) . Although Nqo1 showed upregulation for a prolonged period of time (beyond 24 h), Hmox1 expression returned to control levels by 24 h. Consistent with the upregulation of mRNA levels of Nrf2 target genes, protein levels of Nrf2, glutamate-cysteine ligase, Gclm, Gclc, Nqo1, Hmox1, and Gsr were also significantly increased between 4 and 24 h after the treatments (Fig. 4C-F ) . Together, measurement of Nrf2 and its target genes in N27 dopaminergic cells confirmed Nrf2 activation by DMF and MMF and suggested that DMF is a stronger Nrf2 activator in vitro compared with MMF.
DMF and MMF activate the Nrf2 pathway in vivo
Next, we tested the ability of DMF to activate Nrf2 signaling in vivo in mice. Dose selection for these studies were selected following a small pharmacodynamics assay to confirm that both DMF and MMF cross the blood-brain barrier and activate the Nrf2 pathway in the brain. Previous studies have reported that DMF undergoes rapid systemic metabolism to its bioactive metabolite MMF (Sheikh et al., 2013) . Therefore, to test the bioavailability of DMF in vivo, we measured MMF levels in the C57BL/6 mice. Twelve-week-old male C57BL/6 mice were administered 10, 50, and 100 mg ⅐ kg Ϫ1 ⅐ d
Ϫ1
DMF and MMF by oral gavage in two divided doses separated by 12 h. Mice were killed at different time points (30 min to 6 h) after the last dose of the drugs, and various tissues were collected. Both DMF and MMF administration resulted in a dose-dependent increase in MMF levels in vivo within 30 min after drug administration (data not presented), with the highest levels of MMF observed at a dose of 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 in blood and brain at 6 h (Fig. 5A) . However, the levels of MMF in the liver were found to be lower than the levels in the blood and brain, consistent with previous reports showing maximum levels in kidney and brain rather than liver (http:// www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_ Public_assessment_report/human/002601/WC500162070.pdf). Analysis of mRNA levels of downstream Nrf2 target genes by qRT-PCR analysis showed a dose-dependent increase in the Nrf2 target genes in both the liver and brain (data not presented). Maximal increase in the mRNA levels (3-to 12-fold) were observed in the liver for Nrf2 target genes such as Gclm, Gclc, Hmox1, and Gsr at 6 h after 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 DMF (Fig. 5B ) or MMF (data not presented). Ventral midbrain mRNA levels of Hmox1, Nqo1, and Gsr were also significantly upregulated by DMF and MMF. However, genes involved in the GSH biosynthetic machinery, such as Gclm and Gclc, were not upregulated (Fig. 5B) . Unlike the in vitro situation in which DMF induced stronger Nrf2 activation than MMF, in vivo both DMF and MMF induced Nrf2 target genes with similar potency. Collectively, these data provide in vivo pharmacokinetic profiles of DMF and MMF and their ability to activate Nrf2-mediated gene transcription in vivo.
DMF and MMF protect against MPTP neurotoxicity in mice
A widely used animal model that recapitulates many of the neuropathologic features of PD and is used as an initial screening tool to test potential treatments is the MPTP mouse model (Blesa and Przedborski, 2014) . Using this model, we previously showed attenuation of MPTP neurotoxicity by experimental compounds that can activate the Nrf2 pathway Kaidery et al., 2013) . Hence, we sought to test whether activation of Nrf2 signaling by the fumaric acid esters DMF and MMF can induce a neuroprotective response against MPTP neurotoxicity. To determine this, we used an acute MPTP-based PD mouse model, in which three injections of 10 mg/kg MPTP is administered every 2 h on a single day in 12-week-old male mice, resulting in significant loss of striatal DA (75%) and its metabolites DOPAC and HVA (50%) and a significant loss of TH-immunopositive neurons in the SNpc on day 7. Administration of DMF at 10, 50, and 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 1 d before and then for 5 d after MPTP administration dose dependently protected against MPTPinduced loss of TH-immunopositive neurons in the SNpc on day 7 (Fig. 6 A, B) . Unbiased stereologic cell counts of total (i.e., Nisslpositive) and TH-positive neurons in the SNpc showed a statistically significant loss of neurons after MPTP compared with controls (Fig. 6B) . Administration of DMF, at 10, 50, and 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 , showed a significant dose-dependent attenuation of MPTP-induced loss of total (i.e., Nissl-positive) and THimmunopositive neurons compared with MPTP-treated mice (Fig. 6B) . Assessment of striatal DA and its metabolites DOPAC and HVA showed a significant loss after MPTP on day 7, which was attenuated by DMF, administered at 50 and 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 (Fig. 6C) . However, DMF at 10 mg ⅐ kg
only showed a trend for a protective response for striatal levels of DA and DOPAC compared with MPTP, which did not achieve significance. Only the HVA levels showed a statistically significant protective response of 10 mg ⅐ kg MPTP toxicity (Fig. 6C) . Given that DMF is immediately metabolized to its active metabolite MMF in vivo, we also compared neuroprotective effects of MMF against MPTP neurotoxicity administered at similar doses and frequency as DMF (Fig. 6D) . MMF administration protected against MPTP neurotoxicity in a similar manner as DMF, with the higher doses of 50 and 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 markedly attenuating MPTP-induced loss of striatal DA, DOPAC, and HVA (Fig. 6D) , whereas the lower dose of MMF (10 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ) significantly increased the levels of HVA but not DA and DOPAC compared with MPTP (Fig. 6D) . To rule out the possibility of DMF or MMF impairing the conversion of MPTP to MPP ϩ to result in neuroprotection, striatal MPP ϩ levels were measured 90 min after a single intraperitoneal injection of MPTP (20 mg/kg freebase) after pretreatment with vehicle (1:4, ethanol/neobee oil) and DMF or MMF (100 mg/kg) 1 h before administration of MPTP. MPP ϩ levels in DMF-treated (9.88 Ϯ 1.62 ng/mg tissue) or MMF-treated (9.52 Ϯ 1.74 ng/mg tissue) mice were not significantly different compared with those in vehicle-treated mice (9.32 Ϯ 1.09 ng/mg tissue), suggesting that neuroprotective actions of DMF and MMF do not involve blocking the conversion of MPTP to MPP ϩ . Collectively, these results demonstrate the in vivo neuroprotective actions of both DMF and MMF in a neurotoxin-induced mouse model of PD.
DMF blocks MPTP-induced oxidative stress and neuroinflammation
The acute paradigm of MPTP toxicity is known to cause nonapoptotic neuronal degeneration by triggering events that can lead to progressive neuroinflammation and oxidative stress (Thomas et al., 2012; Banerjee et al., 2015) . Several studies including ours demonstrate that Nrf2-mediated gene transcription modulates cellular oxidative stress and inflammatory pathways (Kaidery et al., 2013; Turley et al., 2015) . Therefore, to determine the role of Nrf2-mediated antioxidant and anti-inflammatory effects in the neuroprotective mechanism of DMF against MPTP neurotoxicity, we evaluated oxidative stress and inflammatory markers 3-NT (a marker for protein oxidation produced by reactive nitrogen species) and activated CD68-immunopositive (microglial marker) cells, respectively. Immunohistochemical analysis of coronal sections spanning the SNpc with anti-3-NT antibody showed a significant increase in 3-NT immunoreactivity in the MPTP group compared with vehicle controls (Fig. 7A) . Administration of DMF (100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ) significantly attenuated the MPTP-induced increases in 3-NT immunoreactivity in the SNpc. Quantitative analysis of 3-NT-immunoreactive area showed a marked increase in 3-NT levels in the MPTPtreated group compared with vehicle control, which was significantly reduced in the SNpc of DMF-and MPTP-treated mice (Fig. 7B) . Similarly, MPTP administration significantly elevated the CD68-immunopositive activated microglia in the SNpc of the MPTP group compared with controls (Fig. 7C) . Administration of DMF significantly reduced levels of MPTP-induced CD68-positive activated microglia compared with MPTP-treated mice. Consistent with CD68 immunoreactivity, morphometric analysis of CD68-positive reactive microglia in the SNpc showed a profound increase in the levels of activated microglial cell counts in the MPTP-treated group compared with controls, which were markedly reduced after DMF treatment (Fig. 7D) . Quantitative PCR analysis of mRNA levels for proinflammatory genes, such as tumor necrosis factor-␣, monocyte chemotactic protein 1, and microglial activation marker Cd68, showed significant increases in the ventral midbrain after MPTP administration compared with controls (Fig. 7E) . DMF treatment significantly blocked MPTP-induced increases in the mRNA levels of proinflammatory genes (Fig. 7E) . In summary, these data suggest that DMFinduced neuroprotective effects against MPTP neurotoxicity are associated with marked reductions in markers of oxidative stress and inflammation.
DMF-and MMF-induced neuroprotection against MPTP toxicity is Nrf2 dependent
After establishing the neuroprotective effects of DMF and MMF against MPTP neurotoxicity, we next sought to determine the role of the Nrf2 pathway in their neuroprotective phenotype. To do so, we evaluated the ability of DMF and MMF to block MPTP neurotoxicity in both wild-type and Nrf2-KO mice. We administered DMF or MMF at 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 1 d before MPTP and again for 5 d after MPTP (for details, see Materials and Meth- ods). Immunohistochemical analysis of TH-immunopositive neurons in wild-type mice demonstrated marked reduction on day 7 after MPTP compared with wild-type controls, whereas in the Nrf2-KO mice, the loss of TH-immunopositive neurons was more profound compared with wild-type mice treated with MPTP, suggesting increased vulnerability of Nrf2-KO mice to MPTP challenge (Fig. 8A) . As anticipated, administration of DMF or MMF markedly reduced the MPTP-induced loss of THpositive neurons in the SNpc in the wild-type mice but failed to attenuate the neuronal loss in Nrf2-KO mice (Fig. 8A) . Quantitative analysis of the TH-and Nissl-positive neuronal counts by unbiased stereological cell counting in the SNpc of the MPTPtreated group showed significant loss of both total (Nissl-positive neurons) and TH-positive neurons in wild-type mice and greater neuronal loss in Nrf2-KO mice compared with their respective saline controls (Fig. 8B) . Administration of DMF or MMF (100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ) significantly attenuated the MPTP-induced loss of total and TH-immunopositive neuronal counts in the wildtype mice but not in Nrf2-KO mice (Fig. 8B) . DMF treatment alone did not affect TH-and Nissl-positive neuronal counts in the SNpc in either wild-type or Nrf2-KO mice (data not presented). Measurement of striatal levels of catecholamines also showed a profound reduction (Fig. 8C ) of DA and its metabolites (DOPAC and HVA) after MPTP treatment in wild-type mice compared with saline-injected wild-type controls. MPTP administration in Nrf2-KO mice produced a significantly greater depletion of striatal DA and its metabolites (DOPAC and HVA) compared with MPTP-treated wild-type mice (Fig. 8C) . DMF treatment attenuated the MPTP-induced loss of striatal DA (Fig. 8C ) and its metabolites only in wild-type mice but not in Nrf2-KO mice. Similarly, MMF administration prevented MPTP-induced loss of striatal DA and its metabolites only in wild-type mice, not in Nrf2-KO mice (data not presented). DMF or MMF treatment alone did not affect levels of DA and its metabolites DOPAC and HVA in wild-type or Nrf2-KO mice (data not presented). These results suggest that, indeed, the neuroprotective actions of both DMF and MMF against MPTP neurotoxicity are Nrf2 dependent.
To verify that the neuroprotective mechanism of DMF or MMF against MPTP neurotoxicity is via selective activation of the Nrf2 pathway, we studied Nrf2 target genes in wild-type and Nrf2-KO mice after DMF or MMF treatment. Age-matched Nrf2-KO mice and wild-type littermates were administered DMF or MMF at 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 by oral gavage in two doses 12 h apart, and 6 h after the last dose, Nrf2 target genes were analyzed. Control mice from both genotypes received vehicle in the same frequency and volume as the fumarate drugs. qRT-PCR analysis showed that mRNA levels of Nrf2 target genes, such as Hmox1, Nqo1, Gclc, Gclm, and Gsr, were significantly upregulated (2-to 15-fold) in the liver of wild-type mice after DMF compared with vehicle-treated mice. However, in the livers of Nrf2-KO mice, DMF administration failed to increase mRNA levels of these Nrf2 targeted genes (Fig. 9A) . Similarly, we found elevated levels of mRNAs for Hmox1, Nqo1, and Gsr in the ventral midbrains of the DMF-treated wild-type mice but not in the Nrf2-KO mice treated with DMF (Fig. 9A) . MMF administration showed similar levels of induction of the Nrf2 target gene Hmox1 as in the DMF groups in both the liver and ventral midbrain of wild-type mice ( Fig. 5B) but not in Nrf2-KO mice (data not presented). These data essentially confirm that the observed biological effects on the Nrf2 signaling in vivo after DMF administration are mediated by MMF. To determine the time course of activation of Nrf2-dependent genes, we evaluated mRNA levels in wild-type and Nrf2-KO MEFs after treatment with 20 M DMF or MMF at 0, 4, 8, and 12 h. qRT-PCR analysis showed upregulation of mRNA levels of Hmox1, Gclc, and Gclm by 4 h that remained elevated up until 24 h after the treatment (Fig. 9B) , whereas Nqo1 levels were upregulated at 8 h and peaked at 24 h. Similarly, MMF also induced these Nrf2 target genes but to a lesser extent in wild-type MEFs (as in Fig. 4 ) when compared with DMF (data not presented). However, we did not find any induction of Nrf2 target genes in the Nrf2-KO MEFs after DMF (Fig. 9B) or MMF (data not presented) treatment. Based on these analyses in both mice and MEFs, it is evident that DMF and MMF selectively activate the Nrf2 pathway, and this effect is directly associated with the neuroprotective actions of these fumarate compounds against MPTP toxicity.
DMF and MMF differentially affect mitochondrial OCR, glycolysis, and mitochondrial biogenesis in an Nrf2-dependent manner So far, our data clearly indicate the protective action of DMF and MMF against MPTP neurotoxicity in Nrf2-expressing mice (Figs.  6, 8) . Considering that the primary target of MPTP in nigrostriatal dopaminergic neurons is mitochondria , it was of interest to examine the effects of DMF and its bioactive metabolite MMF on cellular energetics. To this end, we used Nrf2-expressing (wild-type) and Nrf2-KO cultured MEFs. To distinguish between a possible direct effect of these compounds on mitochondria (discussed below) and the expression of genes related to mitochondrial biogenesis, we selected two time points: (1) a 4 h incubation with 20 M DMF or MMF, when the effect of modulation of mitochondrial biogenesis gene expression is unlikely (because of the time required for protein synthesis and maturation); and (2) a 24 h exposure, when the effects of these compounds on gene expression and protein synthesis related to mitochondrial biogenesis can be documented (see below). Total cell incubation time was kept constant to avoid any complications stemming from cell proliferation and maturation. Figure 10A shows that a 4 h exposure of Nrf2-competent (wild-type) cells to either DMF or MMF significantly elevated all stages of OCR, basal respiration, phosphorylation, and maximum (uncoupled) respiration, with MMF having a somewhat greater effect than DMF (Fig. 10A) . Neither compound had an effect on proton leak, whereas DMF slightly but significantly suppressed non-mitochondrial oxygen consumption. Interestingly, both compounds also significantly stimulated ECAR in Nrf2-competent cells, with DMF more efficient in stimulating the rate of "glycolysis," and MMF significantly increasing the glycolytic reserve of the cells (Fig. 11A) . It should be noted that ECAR reflects an acidification rate of the incubation medium, which is caused by both glycolysis and mitochondrial activity (Ferrick et al., 2008) , so it is difficult to interpret these data with certainty. Nevertheless, it is safe to say that both DMF and MMF exhibited pronounced stimulating effects on cellular utilization of oxygen and (apparently) glucose consumption in Nrf2-competent cells with a 4 h exposure. As will be discussed in more detail below, this stimulation is not compatible with an uncoupling mechanism of action of these compounds but rather likely a stimulation of substrate supply to mitochondria, or a switch from oxidizing NADH-dependent substrates to FADH-dependent substrates.
Nevertheless, the effects of DMF and MMF on OCR and ECAR were clearly dependent on the incubation time. Whereas the MMF effect on OCR (Fig. 10C ) and glycolysis rate (Fig. 11C) returned to baseline after 24 h incubation, DMF significantly suppressed all OCR parameters (Fig. 10C) , while still stimulating the glycolysis rate (Fig. 11C ) in Nrf2-competent cells. Conversely, glycolytic reserve was significantly increased by MMF only with the longer incubation time (Fig. 11C) . However, 50 M DMF, which depleted cellular GSH and reduced cell viability (Fig. 1) , inhibited all the measured parameters for both OCR and ECAR at 4 h, whereas 50 M MMF significantly increased both OCR rates and glycolysis at this time (data not presented). The worsening effect of DMF on parameters of bioenergetics has been documented in CD4 ϩ lymphocytes of patients treated with DMF who developed progressive multifocal leukoencephalopathy (PML; Haghikia et al., 2011) . This can be further explained by the alkylating properties of DMF clearly demonstrated in our work with respect to GSH, resulting in cytotoxicity (Fig. 1) . It is safe to assume that any compound capable of a direct alkylation of GSH will be also be capable of reacting with some critical sulfhydryl (SH) groups of metabolic and regulatory proteins. It is well known that various SH-targeting alkylating agents negatively affect various mitochondrial functions, including (but not limited to) inhibition of ATPase (Yagi and Hatefi, 1987) , protein import into mitochondria (von Stedingk et al., 1997) , bioenergetics and structural integrity ( Lê-Quô c and Lê-Quô c, 1985) , and even resulting in depletion of mtDNA (Eizirik et al., 1991) . Moreover, by depleting GSH, DMF forces cells to regenerate this antioxidant by de novo biosynthesis, which represents a metabolic burden. Therefore, temporal deleterious effects of DMF on cellular bioenergetics are not surprising but rather expected.
Unfortunately, OCR measurements with Nrf2-KO cells were not successful at neither the 4 or 24 h incubation because of their extremely low respiration activity (Fig. 10 B, D) . None of the differences presented in Figure 10 , B and D, are significant, despite several repeated experiments. Increasing cell-plating density three times did not resolve the issue, because the OCR was still very low and the differences were not significant (data not presented), so further attempts were deemed impractical. Of note, this observation is not unique to our cell culture; similar issues with Nrf2-KO cells were noted previously (Holmström et al., 2013; Foresti et al., 2015) . Conversely, Nrf2-KO cells exhibited much higher glycolytic activity than control cells, and this was subtly but significantly stimulated by both DMF and MMF at 4 h of incubation (Fig. 11B) . Glycolysis remained elevated in these cells at 24 h, but at that time, DMF somewhat suppressed glycolysis, whereas MMF again had no significant effect (Fig. 11D) .
Thus, it appeared that both DMF and MMF exhibited distinct short-and long-term effects on cellular energetics. To further clarify whether these effects have a mitochondrial connection, we examined the biogenesis of mitochondria by assessing the amount of mtDNA and the expression of key energy-related mitochondrial genes and proteins. We found that Nrf2-KO cells have a lower mtDNA content than wild-type cells. Nrf2-KO cells were found to have lower levels of key proteins, including respiratory chain complexes II (succinate dehydrogenase), III (bc complex), and IV (cytochrome oxidase), than Nrf2-competent cells (Fig. 12 B, C) . DMF significantly increased the amount of mtDNA at 24 h but only in Nrf2-competent cells, with MMF having no detectable effect (Fig. 12A ). However, with respect to protein levels, both DMF and MMF increased the amount of ATPase (complex V), complex III, complex II, and complex I in Nrf2-competent cells after 24 h exposure with approximately equal efficiency, whereas cytochrome c oxidase (complex IV) was only increased by MMF treatment (Fig. 12C) . Altogether, these data strongly indicate that both DMF and MMF stimulated mitochondrial biogenesis and increased mitochondria oxidative capacity by means of de novo synthesis of mitochondrial respiratory chain proteins, although with some differences observed for the two compounds that cannot be rationalized with the current set of data. Furthermore, the effects of DMF and MMF (Fig. 13) on the expression of genes that are involved in mtDNA maintenance/stability and transcription (Ssbp1, Terf, Terf3, TBf1m, Tbf2m, Tfam, Polg2, Polrmt, and Peo1) and respiratory chain (Nd1, Nd2, Nd5, Nd6, Cytob, and Cox3) strongly support the notion that both DMF and MMF stimulate the biogenesis of mitochondria, despite the different magnitude of their effects on mtDNA maintenance gene expression (Fig. 13) , cellular GSH levels (Fig. 1C) , and Nrf2 activation ( Fig. 2A) .
Discussion
The clinical efficacy of fumaric acid esters for the treatment of MS has ignited considerable interest in the potential neuroprotective actions of DMF and MMF in a wide range of disorders (Ruggieri et al., 2014) . The antioxidant, cytoprotective, and immunomodulatory actions of DMF and MMF have been mainly attributed to their ability to activate the Nrf2 pathway (Dubey et al., 2015) . However, the unique and differential effects of DMF and its metabolite MMF on Nrf2 activity and its potential relationship with therapeutic effects in vivo remain elusive. Here for the first time, we compared therapeutic efficacy of both DMF and MMF in the MPTP-mouse model of PD and studied potential mechanisms of Nrf2 activation and its relationship with downstream neuroprotective events.
Both DMF and MMF activate the Nrf2 pathway by distinct S-alkylating properties. Our comparison of DMF and MMF with respect to nonspecific modification of GSH and to Neh2-luc reporter activation indirectly suggested that MMF could work more specifically with respect to Keap1 thiols. This conclusion is supported by recent data on Keap1 thiol modification in vitro in HEK293 cells using DMF and monoethylfumarate (Brennan et al., 2015) . Monoethylfumarate preferentially modified Cys151, whereas DMF modified many active Keap1 cysteines. It is possible that MMF, similar to monoethylfumarate, is specific for a key thiol in Keap1. The complete quenching of Neh2-luc reporter activation by DMF in the presence of high concentrations of GSH is the best illustration of the low specificity of DMF for Keap1 thiols, whereas GSH has no effect on MMF-induced Neh2-luc reporter activation. Intracellular nonspecific quenching of DMF by GSH was demonstrated: the reported drop in GSH after addition of DMF was ϳ70 -75%, whereas monoethylfumarate caused no measurable drop in intracellular GSH levels (Brennan et al., 2015) . We also found that in vitro DMF induced Nrf2 genes more potently than MMF at comparable doses (Fig. 4) , consistent with previous reports (Albrecht et al., 2012; Scannevin et al., 2012; Gillard et al., 2015) . Moreover, activation of Nrf2 by DMF but not MMF was accompanied by a dose-dependent depletion of GSH and cytotoxicity, with DMF exerting no effect on GSH levels and cell viability at lower doses. Consistent with our findings, some studies have documented GSH depletion by DMF in vitro (Ghashghaeinia et al., 2010; Lin et al., 2011; Xie et al., 2015) , whereas others showed that GSH levels recover after a transient depletion acutely after DMF treatment (Brennan et al., 2015) .
Surprisingly, in vivo comparisons between DMF and MMF did not reveal significant differences in Nrf2 activity. After oral intake, DMF is rapidly hydrolyzed by esterases to its bioactive metabolite MMF: the half-life of DMF is ϳ12 min, whereas that of MMF is 36 h. The highest concentration of MMF in human serum was measured 5-6 h after oral intake (Litjens et al., 2004; Dubey et al., 2015) . Our pharmacokinetic studies in mice only detected MMF and not DMF, with peak concentrations at 6 h after oral administration (Fig. 5A ). This suggests that both compounds should activate the Nrf2 pathway identically in vivo, likely mediated by MMF as a result of rapid hydrolysis of DMF (Dibbert et al., 2013) . However, there is evidence that not all pharmacological effects of DMF are exerted by MMF and that DMF may have unique pharmacological properties and thus should not be considered a prodrug of MMF (Schmidt et al., 2007; RostamiYazdi et al., 2009; Dibbert et al., 2013) . Given the equipotent therapeutic effect of both DMF and MMF against MPTP neurotoxicity, it seems unlikely that DMF caused GSH depletion in vivo because GSH is crucial for the survival of DA neurons (Chinta et al., 2007) and doses of DMF that protected against MPTP in our studies did not affect GSH levels in vivo (Ghashghaeinia et al., 2010) . The most compelling evidence for Nrf2 pathway activation by DMF and MMF in ameliorating MPTP neurotoxicity came from our studies using wild-type and Nrf2-KO mice. These effects directly correlated with the ability of DMF and MMF to induce selective activation of Nrf2/ARE genes in the wild-type but not Nrf2-KO mice. Our results are consistent with the demonstration of efficacy of DMF in a 6-OHDA model of PD (Jing et al., 2015) and the fact that both DMF and its bioactive metabolite MMF block against neurodegeneration in an Nrf2-dependent manner (Fig. 8; Cho et al., 2015) . Additional evidence of Nrf2 as a potential target mediating neuroprotection was further confirmed by the inability of either DMF or MMF to protect against MPP ϩ toxicity in vitro when the activity of HO-1, an Nrf2 target gene, was inhibited (Fig. 3) . # p Ͻ 0.05 compared with respective KO vehicle control (n ϭ 3). mt-Nd1, mitochondrial-encoded NADH dehydrogenase 1; mt-Nd2, mitochondrialencoded NADH dehydrogenase 2; mt-Nd5, mitochondrial-encoded NADH:ubiquinone oxidoreductase core subunit 5; mt-Nd6, mitochondrial-encoded NADH:ubiquinone oxidoreductase core subunit 6; mt-Cytb, mitochondrial cytochrome b; mtCo3, mitochondrial cytochrome c oxidase subunit III; Ssbp1, single-stranded DNA binding protein 1, mitochondrial; Mterf1a, mitochondrial transcription termination factor 1a; Mterf3, mitochondrial transcription termination factor 3; Tfb1m, transcription factor B1, mitochondrial; Tfb2m, transcription factor B2, mitochondrial; Tfam, transcription factor A, mitochondrial; Polg2, polymerase (DNA directed), ␥2, accessory subunit; Polrmt, polymerase (RNA) mitochondrial (DNA directed); Peo1, progressive external ophthalmoplegia 1 (Twinkle protein, mitochondrial).
Additional evidence of the involvement of the Nrf2 pathway in neuroprotection came from the Seahorse data with DMF/MMF-treated wild-type and Nrf2-KO cells. These yielded three major findings. First is a failure of Nrf2-KO cells to respire, with or without treatment with DMF/MMF (Fig.  10 B, D) . This result is in line with a previous report that mitochondria in Nrf2-KO cells are depolarized and exhibit impaired respiration and an increased glycolytic ATP production rate (Holmström et al., 2013) . However, because protein levels and in vitro activities of the respiratory complexes are not affected by Nrf2 deletion, Holmström et al. concluded that respiration of Nrf2-KO cells was impaired because of insufficient substrate supply to mitochondria. Noting that glycolytic (ECAR) rates were elevated in Nrf2-KO cells in our experiments, we think it is unlikely that glycolysis-derived pyruvate was in short supply in Nrf2-KO cells. Rather, the amount/ activity of substrate transporters (e.g., mitochondrial pyruvate carrier) may be depressed in Nrf2-KO cells. However, this idea requires additional focused studies.
We also observed similarities between the effects of DMF and MMF on OCR of Nrf2-competent cells after a 4 h exposure and significant differences after a 24 h exposure. A 4 h exposure to either DMF or MMF significantly elevated all stages of OCR in wild-type cells, including basal, phosphorylating, and maximum respiration, with MMF exhibiting a greater effect than DMF (Fig. 10A ). Both compounds were without effect on proton leak. These data cannot be explained by "uncoupling" or de novo protein synthesis. However, elevated OCR rates could stem from a change in the concentration of tricarboxylic acid cycle (TCA) substrates in the cell cytosol, especially those limiting TCA activity, such as malate and succinate, or a switch from oxidizing NAD-dependent substrates (pyruvate, in this case) to FADdependent substrates (succinate). This theoretical possibility may be rationalized assuming the following scenario: DMF and MMF accumulate in the cell cytosol because of their demethylation to fumarate and further conversion to malate by ubiquitous fumarases. In turn, malate, after conversion to oxaloacetate, could boost the oxidation of pyruvate and the overall TCA activity. If one assumes that substrate supply limitation is restricting the OCR, an influx of extra-mitochondrial malate should stimulate OCR. However, this is a hypothetical scenario requiring additional investigation. A threefold to fourfold increase in intra- Figure 14 . Mechanism of Nrf2 activation by DMF and MMF and its role in neuroprotection. DMF and MMF differentially activate the Nrf2/ARE pathway to modulate the antioxidant, antiinflammatory, and mitochondrial biosynthetic machinery. 1, Under basal conditions, Nrf2 is sequestered in the cytoplasm through its binding to its cytoplasmic inhibitor Keap1, which promotes Nrf2 degradation via a ubiquitin proteasome pathway. 2, In the presence of electrophilic agents such as DMF and MMF, the cysteine residues on Keap1 are modified as a result of an alkylation or reduction process, which in turns prevents the ubiquitin-dependent proteasomal degradation of Nrf2. Both DMF and MMF in our study have been shown to possess strong alkylation properties toward thiol groups present on GSH; this characteristic might explain their ability to disrupt the Keap1-Nrf2 interaction by alkylating the cysteine residues on Keap1, leading to nuclear translocation of Nrf2. 3, 4, The Nrf2 pathway is kept in check normally by Bach1, which interacts with small Maf proteins in the nucleus and acts as a repressor of Nrf2-induced ARE-containing gene activation. Once inside the nucleus, Nrf2 binds to the ARE sites of the ARE-containing genes after the export of Bach1 from the nucleus to the cytoplasm. 5, After the export of Bach1 from the nucleus, Nrf2 complexes with small Maf proteins, induces ARE activation, and upregulates a battery of genes involved in antioxidant and anti-inflammatory responses. 6, Both DMF and MMF demonstrate activation of the Nrf2 pathway, although differentially. 7, In our study, we also found that DMF and MMF mediated mitochondrial biogenesis in an Nrf2-dependent manner via an unknown mechanism, accompanied by enhanced cellular bioenergetics to render neuroprotection. Nrf2 activation by DMF, but not MMF, was associated with depletion of GSH, decreased cell viability, and inhibition of mitochondrial oxygen consumption and glycolysis rates in a dose-dependent manner, whereas MMF increased these activities in vitro. cellular levels of fumarate, succinate, and malate was shown after a 24 h DMF treatment (Huang et al., 2015) . This result does not contradict our finding that a 24 h DMF treatment suppressed mitochondrial OCR, because this suppression should result in an inability of mitochondria to oxidize TCA substrates.
Finally, we found that, in wild-type cells, DMF significantly increased the amount of mtDNA, whereas both DMF and MMF increased the transcription levels of genes that are involved in mtDNA maintenance/stability and transcription and respiratory chain, as well as a subtle but significant increase in the abundance of key bioenergetics-related proteins, such as ATPase, complex IV, complex III, complex II, and complex I. This result strongly suggests that the mechanism of the protective action of DMF and MMF involves the Nrf2 signaling cascade and DMF/MMF stimulation of mitochondrial biogenesis.
In conclusion, there are numerous therapeutic options for motor and non-motor symptoms of PD. However, there are no therapies yet with proven neuroprotective or disease-slowing properties (Olanow et al., 2008) . Our data suggest that targeting neuroinflammation, mitochondrial dysfunction, and oxidative stress by fumarates in early PD is ideal (Taylor et al., 2013; Banerjee et al., 2015) , although the high alkylating ability of DMF is reported to induce a drop in white blood cell counts (Spencer et al., 2015) , which may lead to PML and death in some cases (van Kester et al., 2015) . One of the approaches to minimize the harm from DMF is the use of capsulated forms to provide a slow release of the drug. Additionally, many pharmaceutical companies (http://investor.xenoport.com/releasedetail.cfm?releaseidϭ931600; https://cmsc.confex.com/cmsc/ 2015/webprogram/Paper3544.html) are developing novel MMF prodrugs that are well tolerated with minimal side effects when compared with DMF. Based on our results reported here, we believe that MMF is a more promising therapeutic candidate than DMF for PD (Fig. 14) . To further explore the neuroprotective potential of fumarates, additional studies in genetic and chronic preclinical models of PD are warranted. These may provide additional insights into how fumarates can be used most effectively for future clinical trials for the prevention and treatment of human PD.
